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Abstract. Mitochondrial DNA (mtDNA) contains unmethylated 
CpG motifs that exhibit immune stimulatory capacities. The aim 
of this study was to investigate whether mtDNA activates the 
Toll-like receptor 9 (TLR9)/nuclear factor-KB (NF-kB) pathway, 
thereby contributing to post-traumatic systemic inflammatory 
response syndrome (SIRS) and lung injury in rats. The effects of 
mtDNA on macrophage culture were examined in order to eluci- 
date the putative cellular mechanisms. Rats and macrophage 
cultures were treated with phosphate-buffered saline, nuclear 
DNA, or mtDNA for 2, 4, 8 and 24 h. Histological analysis of 
lung tissue was undertaken following hematoxylin and eosin 
staining, and cytokine levels were assessed by ELISA. NF-kB 
and IkB-ci phosphorylation levels, as well as TLR9 protein 
expression were determined by western blot analysis; NF-kB, 
IkB-ci and TLR9 mRNA levels were analyzed by RT-PCR. A 
greater degree of inflammation and lung injury was observed 
in response to mtDNA. In addition, mtDNA increased serum 
tumor necrosis factor-a, interleukin (IL)-6 and IL-10 levels 
in vivo and increased their secretion by cultured macrophages 
(p<0.05). In lung tissue, mtDNA increased NF-kB, IkB-ci and 
TLR9 mRNA levels (p<0.05); it also increased phosphorylated 
NF-kB p65 and TLR9 protein levels in the macrophage cultures. 
Thus, mtDNA may be part of the danger-associated molecular 
patterns, contributing to the initiation of sterile SIRS through 
the activation of the TLR9/NF-kB pathway and the induction of 
pro-inflammatory cytokine production. 

Introduction 

Traumatic injury is a leading cause of mortality worldwide for 
young individuals. The incidence of life-threatening complica- 
tions, such as systemic inflammatory response syndrome (SIRS) 
and acute lung injury (ALI), in severely injured trauma patients 
remains between 30 and 50% (1). SIRS induced by severe 
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trauma is traditionally defined as a sepsis in which there is 
an identifiable focus of infection (2). However, SIRS in the 
absence of infection (i.e., sterile SIRS) has been observed; 
the majority of surgical intensive care unit patients have been 
reported to have SIRS (3). Additionally, the complex, uncon- 
trolled inflammatory cascade of traumatic and infective SIRS 
appears similar (4,5). Although the downstream factors in SIRS, 
including cytokines, chemokines and phagocytes have been 
elucidated, the early mediators released by the damaged tissue 
remain to be identified (6). Certain studies have implicated 
mitochondrial damage-associated molecular patterns (DAMPs) 
with inflammation in a sterile setting (7-9). In addition, a role for 
mitochondrial DNA (mtDNA) has been suggested (6), as it has 
been found in the plasma of trauma patients (10,11), as well as in 
that of patients with femur fracture reamings (9). 

The mtDNA-induced inflammatory response is mediated 
by the presence of unmethylated CpG sequences and its oxida- 
tive status (11-13). In addition, similarities between bacterial 
DNA (bDNA) and mtDNA (i.e., the presence of formylated 
proteins and circular DNA with non-methylated repeats and the 
absence of histones) suggest that they may induce an inflam- 
matory response through similar pathways (9). Indeed, as 
with bDNA (14), circulating mtDNA activates the p38 MAPK 
pathway through Toll-like receptor 9 (TLR9) in polymor- 
phonuclear leukocytes (PMNs), inducing an inflammatory 
phenotype in vivo (10,11). 

The activation of a variety of inflammatory mediators, 
including cytokines, chemokines and macrophages, takes place 
in the immediate aftermath of trauma (15,16). For example, 
in a previous study, elevated serum tumor necrosis factor-a 
(TNF-a) levels, as well as levels of interleukin (IL)-6, IL-8 and 
IL-10 were observed in 174 patients meeting the SIRS criteria, 
and increased IL-6 and IL-10 levels were independently 
associated with poor prognosis (17). These results suggest an 
imbalance in pro- and anti-inflammatory signaling in SIRS. 
Therefore, cytokine adsorption has been suggested as a novel 
therapeutic strategy for patients with SIRS (18). In addition to 
cytokines, macrophages, which can be activated by interferons, 
lipopolysaccharide (LPS), CpG DNA and double-stranded 
RNA (19-22), also play a key role in ALI (23). 

As nuclear factor-KB (NF-kB) regulates the expression of 
several pro-inflammatory cytokine genes (24) and is highly 
activated in inflammatory diseases (e.g., rheumatoid arthritis, 
asthma, inflammatory bowel disease and SIRS) (25), we hypoth- 
esized that mtDNA can induce NF-kB activity through TLR9. 
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To examine this hypothesis, this study aimed to elucidate the 
effects of mtDNA on inflammation in cultured macrophages and 
in an in vivo rat model. In addition, the role of the TLR9/NF-kB 
pathway was determined in vitro and in vivo. Understanding 
the local and systemic inflammatory response to mtDNA may 
help elucidate the underlying pathophysiological mechanisms 
through which trauma induces SIRS and may identify novel 
therapeutic targets (26). In addition, understanding the patho- 
physiology of sterile SIRS in the clinical setting is critical as 
empiric antimicrobial use will be ineffective. 

Materials and methods 

Animals. Adult male Sprague-Dawley rats (300-350 g) were 
obtained from the Animal Center of the Chinese Academy 
of Medical Sciences (Beijing, China). The rats were allowed 
to acclimatize to the laboratory conditions for 7 days under a 
12-h light-dark cycle at a constant temperature (22±2°C) and 
a relative humidity of 50-70% with free access to rodent chow 
and water. All rats were maintained according to international 
guidelines on the ethical use of animals in experiments and 
were approved by the Institutional Review Board of the Beijing 
Army General Hospital. 

Isolation of mtDNA and nuclear DNA (nDNA). Rat liver 
mitochondria were isolated using a mitochondrial isolation 
kit (Pierce, Rockford, IL, USA) following the manufacturer's 
instructions. After the mitochondrial pellets were isolated, 
they were resuspended in Hanks' balanced salt solution 
(HBSS) (Gibco Life Technologies, Gaithersburg, MD, USA) 
containing 140 mM NaCl, 5 mM KC1, 1 mM MgCl 2 , 1 mM 
CaCl 2 , 10 mM glucose, and 20 mM HEPES. After a protease 
inhibitor cocktail (1:100) (Qiagen, Valencia, CA, USA) was 
added, the suspension was then sonicated on ice (VCX130- 
Vibra Cell; Sonics and Materials, Newtown, CN, USA) at 
100% amplitude, 10 times for 30 sec each with 30-sec inter- 
vals. The mtDNA was isolated by centrifugation at 15,000 x g 
for 10 min at 4°C followed by centrifugation at 100,000 x g at 
4°C for 30 min. Hepatocyte nuclear fractions were prepared 
using the method described in the study by Rowe et al (27). 

mtDNA and nDNA were extracted from the isolated mito- 
chondrial pellets or nuclear fractions, respectively using the 
DNeasy Blood and Tissue kit (Qiagen) following manufacturer's 
instructions. DNA concentrations were determined by spec- 
trophotometry and the purity of the mtDNA was determined 
by real-time polymerase chain reaction (PCR): mitochondrial 
genes, such as cytochrome b (Cyt b), cytochrome c (Cyt c), 
Cyt c oxidase subunit III (COX III) and NADH dehydrogenase, 
as well as the nDNA marker, glyceraldehyde 3 -phosphate dehy- 
drogenase (GAPDH), were detected following the conditions 
and primer sequences reported in the study by Zhang et al (10). 
In DNA prepared from mitochondria, GAPDH was at the limit 
of detection, and nDNA was <0.1%. In addition, the A260/280 
ratio of the mtDNA samples was 1.8 to 2.0, indicating the 
absence of significant protein contamination, which was 
further confirmed using the BCA assay and SDS-PAGE with 
Coomassie staining as previously described (11). 

Macrophage isolation and activation. Rats were sacrificed 
by decapitation and injected intraperitoneally with 15 ml 



ice-cold HBSS containing 100 U/ml penicillin and 100 jigl 
ml streptomycin (Zhongshan, Beijing, China). Peritoneal cells 
were harvested and separated by centrifugation at 250 x g for 
10 min at 4°C. After washing once with HBSS, the cells were 
suspended in RPMI-1640 medium (Zhongshan) supplemented 
with 10% fetal bovine serum (FBS) (Gibco Life Technologies) 
and were left to adhere to the culture dishes for 2 h at 37 °C 
with 5% C0 2 . The non-adherent cells were removed, and fresh 
medium was added. Viability was at least 98% as assessed by 
Trypan blue staining. 

After the macrophages were resuspended in RPMI-1640 
medium and cultured (lxlO 6 cells/well) in 24-well plates, they 
were separated into the following treatment groups: the phos- 
phate-buffered saline (PBS) control group, the nDNA group 
(medium containing 10 jig/ml nDNA), and the mtDNA group 
(medium containing 10 jig/ml mtDNA). Following stimulation 
with the indicated treatments for 2, 4, 8 and 24 h, the macro- 
phages were placed on ice and centrifuged at 10,000 x g at 4°C 
for 2 min. Cell supernatants were then collected and stored at 
-80°C for later analysis. Cell pellets were also obtained and 
stored at -80°C for later RNA and protein isolation and analysis. 

DNA inoculation of animals. A total of 84 male Sprague-Dawley 
rats were randomly assigned to 3 groups that received intrave- 
nous injections with the following: i) 1 ml PBS (PBS control 
group); ii) 1 ml of 10 jig/ml nDNA (nDNA group); and iii) 1 ml 
of 10 jig/ml mtDNA (mtDNA group). The DNA concentration 
was selected as it was sufficient to induce SIRS, according to 
previous publications (10,1 1). After 2,4,8 and 24 h, the animals 
were sacrificed by cervical dislocation, blood was collected 
and centrifuged at 3,000 rpm for 5 min. The serum was stored 
at -80°C for subsequent cytokine assays. Lungs were either 
quickly harvested, snap frozen and stored at -80°C for later 
protein or total RNA extraction or immediately processed for 
immunohistochemical analysis. 

Cytokine enzyme-linked immunosorbent assay (ELISA). TNF-a, 
IL-6 and IL-10 levels in rat serum and lung tissue extracts 
were determined by the ABC ELISA system (R&D Systems, 
Minneapolis, MN, USA) following the manufacturer's instruc- 
tions as previously described (28). 

Western blot analysis. Total protein extracts were obtained 
from macrophage cell pellets following incubation in lysis 
buffer (Qiagen). Lung tissues from each group were thawed, 
weighed and homogenized in T-PER reagent (Pierce) using a 
ratio of 1 g of tissue to 20 ml T-PER. After the samples were 
centrifuged at 10,000 x g for 15 min, the supernatant was 
collected, and the protein concentration was determined using 
the BCA reagent kit (Pierce). Proteins (10 jig) from macrophage 
cell pellets and lung tissue were separated in SDS-PAGE gels 
and transferred onto a polyvinylidene difluoride membranes 
(Amersham Biosciences, Little Chalfont, UK). After the 
membranes were blocked in Tris-buffered saline (TBS) with 
5% bovine serum albumin for 60 min at room temperature, 
they were incubated overnight at 4°C with antibodies specific 
for TLR9, phosphorylated (p)-NF-kB p65, p-IkBcx (Cell 
Signaling Technology, Beverly, MA, USA) and GAPDH 
(KangChen Bio-tech Co., Shanghai, China). After 3 washes 
with TBST buffer, the membranes were incubated for 1 h with 
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Table I. Primer sequences used for real-time PCR. 



Gene 


Accession no. 


Sequence (5'-»3') 


NF-kB p65 


NM_199267 


CAGGACCAGGAACAGTTCGAA 
CCAGGTTCTGGAAGCTATGGAT 


IkB-cx 


NM_001 105720 


CGTGTCTGCACCTAGCCTCTATC 
GCGAAACCAGGTCAGGATTC 


TLR9 


NM_198131 


CAGCTAAAGGCCCTGACCAA 
CCACCGTCTTGAGAATGTTGTG 


GAPDH 


NM_0 17008 


TGCCCCCATGTTTGTGATG 
GTGGTCATGAGCCCTTCCA 



NF-kB , nuclear factor-icB; TLR9, Toll-like receptor 9; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; PCR, polymerase chain reaction. 



Table II. Semi -quantitative histological index for acute lung injury. 



Score 


Hyperemia 


RBC and WBC infiltration 


Hyaline membrane 


0 


No abnormalities 


No RBC or WBC 


No hyaline membrane 


1 


Mild 


Very few 


0-20% alveolus 


2 


Moderate 


Part of alveolus 


20-50% alveolus 


3 


Serious 


Full of alveolus 


>50% alveolus 



RBC, red blood cell; WBC, white blood cell. 



secondary HRP-linked antibody (KangChen Bio-tech Co.) at 
room temperature. Protein expression was revealed with the 
enhanced chemiluminescence detection reagent kit (KangChen 
Bio-tech Co.). 

Real-time PCR analysis. Total RNA was isolated from lung 
tissue using TRIzol reagent (Promega, Madison, WI, USA). 
After its purity was confirmed by 260/280 nm absorbance, 
single-stranded cDNA was synthesized using the Takara RNA 
PCR kit (AMV; Takara, Dalian, China) following the manu- 
facturer's instructions. The PCR reaction contained 2 ]i\ of 
first-strand cDNA, 10 y\ of 29 SYBR Premix Ex Taq (Applied 
Biosystems, Foster City, CA, USA), and 0.4 ]A of each specific 
primer (Eugene, OR, USA) (Table I) in a total volume of 20 ]A. 
The cycling conditions were 95°C for 10 sec, followed by 
40 cycles at 95°C for 5 sec, 60°C for 25 sec and 72°C for 10 sec. 
mRNA levels were normalized to those of GADPH and were 
represented as fold induction. 

Histological analysis. Tissue sections (5-8 fim) from the left 
lung and remaining trachea were fixed with 10% formalin and 
stained with hematoxylin and eosin (H&E) for standard exam- 
ination under a photomicroscope (DP71; Olympus, Tokyo, 
Japan). The severity of lung injury was determined using a 
previously described semi-quantitative histological index of 
quantitative assessment (IQA) of lung injury (28). Briefly, 
6 slices were randomly selected from each group of rats, and 
10 fields of each slice were reviewed under a microscope 
(magnification, x400). All tissue sections were examined by 



an experienced pathologist (Liu Jia), who was blinded to the 
status of the individual animals. Table II shows the categories 
and scores used to assess the degree of pathological changes, 
which included i) hyperemia; ii) red blood cell (RBC) and 
white blood cell (WBC) infiltration; and iii) evaluation of the 
hyaline membrane to assess alveolar structural disturbance. 
After each feature was assigned a score from 0 to 3 based on its 
absence (0) or presence to a mild (1), moderate (2), or severe (3) 
degree, a total cumulative histology score that ranged from 0 
to 9 was determined. The average values were considered as a 
semi-quantitative histological IQA of lung injury. 

Statistical analysis. Continuous variables were presented as the 
means ± standard deviation. One-way ANOVA with Bonferroni 
post-hoc tests were performed to compare the histological score, 
cytokine levels (i.e., TNF-a, IL-6 and IL-10) in the culture 
supernatant of the macrophages and in rat serum, NF-kB and 
P-IkB-ci activity in lung tissues and TLR9 expression in rat 
serum among the groups at each time point. Statistical analyses 
were undertaken using SPSS software version 17 (SPSS Inc., 
Chicago, IL, USA). A two-tailed p-value <0.05 was considered 
to indicate a statistically significant difference. 

Results 

mtDNA induces systemic inflammation and acute lung injury 
in vivo. The effects of mtDNA on lung inflammation in vivo 
were analyzed. In the mtDNA group, typical symptoms of 
inflammation, including reduced activity, ruffled fur and shiv- 
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Figure 1. Histological analysis of lung tissue. Representative images of lung tissue from (A) the phosphate-buffered saline (PBS) group treated with intravenous 
sterile PBS alone, (B) the nuclear DNA (nDNA) group treated with 10 fig nDNA, and (C) the mitochondrial DNA (mtDNA) group treated with 10 fig mtDNA after 
8 h. (D) Histological score among the treatment groups at each time point. Significantly different from the PBS group (p<0.001). 'Significantly different from the 
nDNA group (p<0.001). 



ering, were observed by 2-6 h after treatment in 90.5% of the 
animals (data not shown). Rats in the PBS control and nDNA 
groups did not exhibit signs of inflammation. 

These results were confirmed by a histological examina- 
tion of H&E stained lung tissue sections. As shown in the 
representative image from the mtDNA group, apparent pulmo- 
nary neutrophil infiltration and alveolar edema were observed 
(Fig. 1C). As shown in Fig. ID, the IQA of lung injury revealed 
a significantly higher histological score in the mtDNA group 
at all time points analyzed as compared to the PBS control and 
nDNA groups (both p<0.001). 

mtDNA induces cytokine production in vivo and in vitro. The 
effects of mtDNA on serum TNF-a, IL-6 and IL-10 levels 
in vivo were then determined (Fig. 2). With the exception 
of the 24-h time point, mtDNA induced significantly higher 
serum TNF-a levels in vivo (p<0.001) (Fig. 2A). Significantly 
higher serum IL-6 levels were also observed in the mtDNA 
group in vivo at 2, 4, 8 and 24 h (p<0.002, 0.001, 0.001 and 
0.02, respectively) (Fig. 2B). Serum IL-10 levels were also 
significantly higher in the mtDNA group compared with the 
PBS and nDNA groups at 2, 8 and 24 h (p<0.035, 0.037 and 
0.008, respectively) (Fig. 2C). 

Furthermore, the effects of mtDNA on TNF-a, IL-6 and 
IL-10 secretion by macrophages in vitro were also deter- 



mined (Fig. 3). As shown in Fig. 3A, in vitro TNF-a levels 
were significantly higher in the mtDNA group than the other 
treatment groups at all time points analyzed (all p<0.001). In 
addition, mtDNA significantly enhanced the release of IL-6 by 
macrophages in vitro after 4, 8 and 24 h as compared to the 
other groups (p=0.011, 0.001 and 0.001, respectively) (Fig. 3B). 
Furthermore, the levels of IL-10 in culture were significantly 
higher in the mtDNA group at each time point (0.004, 0.001, 
0.001 and 0.001, respectively) (Fig. 3C). 

Effects of mtDNA on NF-kB, IkB-o and TLR9 expression in 
macrophage cultures. NF-kB is an important transcription 
factor, mediating the inflammatory response (29). The expres- 
sion of p-NF-KB p65 and p-hcB-a in macrophage cultures 
was assessed by western blot analysis. As shown in Fig. 4A, 
the protein expression of p-NF-KB p65 in macrophages was 
upregulated at 4 and 8 h following stimulation with mtDNA; 
however, the expression of p-hcB-a was reduced (Fig. 4A). 

TLR9 selectively recognizes and responds to bDNA 
containing unmethylated CpG motifs, leading to the activation 
of a series of downstream transcription factors, including NF-kB 
and p38 MAPK that induce cytokine biosynthesis (30-32). 
An increased TLR9 protein expression was observed over 
time following treatment with mtDNA in macrophages upon 
mtDNA stimulation (Fig. 4B). 
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Time (h) 



Figure 2. Effect of mitochondrial DNA (mtDNA) on serum cytokine levels in vivo. Serum levels of (A) tumor necrosis factor-a (TNF-a), (B) interleukin (IL)-6 
and (C) IL-10 were determined at each time point using ELISA. (A) With the exception of the 24-h time point, mtDNA induced significantly higher serum TNF-a 
levels in vivo (p<0.001). (B) Significantly higher serum IL-6 levels were observed in the mtDNA group in vivo at 2, 4, 8 and 24 h (p<0.002, 0.001, 0.001 and 0.02, 
respectively). (C) Serum IL-10 levels were significantly higher in the mtDNA group compared with the PBS and nDNA groups at 2, 8 and 24 h (p<0.035, 0.037 and 
0.008). Significantly different from the phosphate-buffered saline (PBS) group. 'Significantly different from the nuclear DNA (nDNA) group. 




Time (h) 

Figure 3. Effects of mitochondrial DNA (mtDNA) on cytokine secretion by macrophage cultures. (A) Tumor necrosis factor-a (TNF-a), (B) interleukin (IL)-6 and 
(C) IL-10 concentrations were determined in the cell culture supernatant at each time point using ELISA. (A) In vitro TNF-a levels were significantly higher in 
the mtDNA group than the other treatment groups at all time points analyzed (all p<0.001). (B) mtDNA significantly enhanced the release of IL-6 by macrophages 
in vitro after 4, 8 and 24 h as compared to the other groups (p=0.011, 0.001 and 0.001, respectively). (C) The levels of IL-10 in culture were significantly higher 
in the mtDNA group at each time point (0.004, 0.001, 0.001 and 0.001, respectively). Significantly different from the phosphate-buffered saline (PBS) group. 
'Significantly different from the nuclear DNA (nDNA) group. 
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Figure 4. Protein expression profiles of phosphorylated (p)-nuclear factor-KB (NF-kB), p-lKB-a, and Toll-like receptor 9 (TLR9) in macrophage cultures upon 
stimulation with mitochondrial DNA (mtDNA). Protein levels were determined by western blot analysis. (A) Temporal profiles of p-NF-KB p65 and p-IxB-a 
protein expression. (B) Temporal profile of TLR9 protein expression. GAPDH served as the loading control. 




2 4 8 24 
Time (h) 



Figure 5. Effects of mitochondrial DNA (mtDNA) on nuclear factor-KB (NF-kB), IkB-ol, and Toll-like receptor 9 (TLR9) mRNA expression in lung tissues. 
(A) NF-kB, (B) IkB-ol, and (C) TLR9 mRNA expression over time was determined in rat lung tissue by RT-PCR. (A) NF-kB mRNA expression in the lung tissues 
was significantly higher in the mtDNA group as compared with the PBS control group at 2 h (p=0.025); at 4 and 8 h, it was higher than both the PBS and nDNA 
groups (p<0.004 and 0.003, respectively). No significant differences were observed at 24 h. (B) IkB-ol mRNA levels were significantly higher in the mtDNA group 
compared with the PBS group at each time point (all p<0.017). IkB-ol mRNA levels were also significantly higher in the mtDNA group than the nDNA group at 
8 h (p=0.038). (C) TLR9 mRNA levels were also significantly higher in the mtDNA group compared with PBS and nDNA groups at each time point (all p<0.001). 
"Significantly different from the phosphate-buffered saline (PBS) group. 'Significantly different from the nuclear DNA (nDNA) group. 



mtDNA increases NF-kB, IkB-o. and TLR9 mRNA expression 
in vivo. The mRNA expression of NF-kB, IkB-o and TLR9 in 
lung tissue was also assessed by RT-PCR analysis. As shown 
in Fig. 5A, NF-kB mRNA expression in the lung tissues was 
significantly higher in the mtDNA group as compared with the 
PBS control group at 2 h (0.32 vs. 0.13, p=0.025); at 4 and 8 h, it 
was higher than both the PBS and nDNA groups (p<0.004 and 
0.003, respectively). No significant differences in NF-kB mRNA 
levels were observed between the groups at 24 h (Fig. 5A). In 
the lung tissues, IkB-ci mRNA levels were significantly higher 
in the mtDNA group compared with the PBS group at each 
time-point (all p<0.017) (Fig. 5B). The IkB-o mRNA levels 



were also significantly higher in the mtDNA group than the 
nDNA group at 8 h (0.97 vs. 0.64, p=0.038) (Fig. 5B). As shown 
in Fig. 5C, the TLR9 mRNA levels in lung tissues were also 
significantly higher in the mtDNA group compared with PBS 
and nDNA groups at each time point (all p<0.001). 

Discussion 

The effects of mtDNA on inflammation and the role of the 
TLR9/NF-kB pathway were analyzed in vitro and in vivo. 
mtDNA induced typical inflammation symptoms after 2-6 h, 
which was confirmed by histological analysis of the severity of 
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lung injury. TNF-a, IL-6 and IL-10 levels in the macrophage 
culture supernatants and rat serum were significantly higher in 
the mtDNA group as compared to the PBS control and nDNA 
groups. These effects were likely mediated through the activa- 
tion of TLR9/NF-kB signaling by mtDNA. 

Bacterial translocation from an identifiable focus of infection 
or the ischemic gut to the circulation was long thought to cause 
SIRS even in the absence of infection proven by culture (33). 
SIRS can also be precipitated by non-infective events, such as 
trauma, pancreatitis and surgery (34,35). This so-called 'sterile 
inflammation' may be initiated by DAMPs derived from tissue 
injury and cell breakage (36,37). Specifically, isolated mito- 
chondria from different cell types can contribute to the innate 
inflammatory response; however, no such stimulatory capacity 
has been observed with cytosolic, plasma membrane and 
nuclear fractions (10,11,38). Additionally, a marked elevation 
in plasma mtDNA levels has been observed in rats subjected 
to trauma and hemorrhagic shock (33,39), as well as in trauma 
patients (10,11) and those with femur fracture reamings (9). 
These data are consistent with the results of the present study, 
in which 90.5% of the rats injected with mtDNA had sterile 
SIRS and exhibited signs of inflammatory cell infiltration in 
the peribronchiolar area. In addition, lung histological scores 
were significantly higher in the mtDNA group compared with 
the PBS and nDNA groups; these results are similar to those 
reported for mitochondrial DAMPs (11). 

Isolated mitochondria and mtDNA can contribute to the 
innate inflammatory response (38,40), and hemorrhagic shock- 
induced mtDNA release may contribute to post-traumatic SIRS 
and organ injury by activating PMNs through p38 MAPK (7,17). 
In the present study, mtDNA induced a robust response in 
macrophages in vitro, as demonstrated by increased levels of 
TNF-a, IL-6 and IL-10 that were not observed in the PBS and 
nDNA groups; increased levels of these cytokines were also 
observed in vivo. This is consistent with the data presented in 
the studies by Zhang et al (10,11), who reported PMN activa- 
tion by mitochondrial DAMPs, including mtDNA and formyl 
peptides, as well as increased hepatic IL-6 and TNF-a levels 
upon the injection of mitochondrial debris. 

In the present study, mtDNA enhanced IL-10 secretion by 
macrophage cultures, and increased IL-10 serum levels in vivo. 
The upregulation of IL-10 by mtDNA may appear inconsistent 
with its role as an anti-inflammatory cytokine. However, in 
patients with SIRS, serum IL-10 levels have been shown to be 
increased (17). In addition, increased IL-10 levels have been 
shown to be an independent indicator of poor prognosis (17). 
Moreover, as previously demonstrated, higher IL-10 to TNF-a 
ratios are related to severe SIRS and even mortality (41). These 
results suggest an imbalance in pro- and anti-inflammatory 
signaling in SIRS. 

The ability of bacterially-derived molecular patterns 
to promote innate immune responses through both the 
p38 MAPK and NF-kB signaling pathways through TLR9 
has been characterized extensively (30-32). In addition, 
mtDNA is rich in CpG dinucleotides, which are recognized 
by intracellular TLR9 on specific immune cells, including 
macrophages. Hemorrhagic shock-induced mtDNA release 
activates p38 MAPK through TLR9 in PMNs, inducing an 
inflammatory phenotype (11). In the present study, TLR9 
mRNA and protein levels were significantly increased in vivo 



and in vitro, following stimulation with mtDNA for only 2 h. 
These results support the notion that similar to bDNA, mtDNA 
can activate TLR9 in macrophages, consequently upregulating 
pro-inflammatory cytokine response. 

Macrophages play important roles in the systemic inflamma- 
tory response following trauma, burn injuries and infection (42). 
NF-kB is a prominent nuclear transcription factor that regulates 
the expression of effectors of the host inflammatory response in 
specific immune cells, including macrophages (29). Moreover, 
the in vivo transfection of decoy oligonucleotides directed 
against NF-kB has been shown to strongly suppress NF-kB 
activity during sepsis, as indicated by electromobility shift 
analysis (43). In the present study, the levels of the NF-kB p65 
subunit phosphorylation, which is important for optimizing 
NF-kB transcriptional potential, were increased in the macro- 
phages stimulated with mtDNA. A simultaneous decrease in 
the phosphorylation of its inhibitor protein, LcB-a (44), was 
also observed in these cells. An increased NF-kB and hcB-a 
mRNA expression was observed in vivo following treatment 
with mtDNA. These data suggest that the activation of the 
TLR9/NF-kB pathway by mtDNA may in part contribute to 
the immunological response observed in SIRS. However, other 
intracellular 'alarmins', (e.g., formyl proteins), as well as other 
immune cells that are responsive to mitochondrial DAMPs are 
likely involved in the pathogenesis of SIRS (45,46). Further 
studies are required to assess the effects of other mitochondrial 
DAMPs using both in vitro and in vivo analyses. 

Although histological analysis revealed that mtDNA 
increased the severity of lung injury in vivo, the mechanisms 
through which injury was induced were not explored. In 
D-galatosamine-sensitized mice, bDNA has been shown to 
induce liver injury and subsequent death via TLR9/MyD88- 
mediated TNF-a production and ultimately hepatic cell 
apoptosis (47). This is consistent with the increased TLR9/ 
NF-kB expression observed with mtDNA in the present study. 
In addition, mitochondrial DAMP-induced PMN activation 
increases endothelial cell permeability and subsequent organ 
dysfunction (48). Therefore, further studies are required 
analyze the effects of mtDNA on pulmonary cell apoptosis, as 
well as endothelial cell permeability. 

The present study has limitations that warrant further 
discussion. For example, the impact of TLR9 signaling on 
macrophage activation and lung inflammation was not deter- 
mined. Further studies are required using TLR9-specific 
inhibitors to determine whether it can suppress the inflam- 
mation induced by mtDNA. In addition, although the effects 
of mtDNA on NF-kB mRNA expression and phosphorylation 
were observed, increased NF-kB signaling was not directly 
assessed. Further studies are required to assess the role of 
the NF-kB pathway in mtDNA-induced inflammation by 
analyzing its nuclear translocation and transactivation of 
target genes. 

In conclusion, taken together, our data demonstrate that 
mtDNA may induce systemic inflammation, at least in part 
through TLR9/NF-kB signaling, thereby initiating an immu- 
nological response characteristic of SIRS after both major 
trauma and infection. Understanding the local and systemic 
inflammatory response to mtDNA may help clinicians diag- 
nose sterile SIRS and may identify novel therapeutic targets, 
which need to be assessed in further studies. 
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